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ancestry individuals have less visceral adiposity [9] and more skeletal muscle adiposity [10, 11] . This suggests that skeletal muscle adiposity may be an ectopic adiposity depot of particular relevance in the African-ancestry populations, which further necessitates an investigation into the factors involved in its pathogenesis.
The Wnt pathway is an evolutionarily conserved pathway with a possible critical role in determination of body composition in humans through its effects on bone formation, myogenesis, and adipogenesis [12] . Although largely studied in the context of bone metabolism, recent evidence suggests that the relative balance between various Wnt modulators may play a key role in the distribution of adiposity [13] . This area needs further investigation as Wnt modulators may represent novel therapeutic targets for preventing and treating T2D and other metabolic complications associated with obesity. Dickkopf-related proteins are a family of Wnt pathway inhibitors that exert their action by binding to the coreceptor LRP5/6, thereby blocking the binding of Wnt proteins [14] . One such inhibitor, Dickkopf-related protein 1 (DKK1), has been shown in vitro to promote adipogenesis [15] . However, its relationship with adiposity in humans has not yet been studied.
Therefore, in the current study, we sought to further understand the potential relationship between the Wnt pathway inhibitor DKK1 and adiposity in a sample from an Africanancestry cohort at high risk for T2D. We also investigated the relationship between serum DKK1 and circulating measures of glucose metabolism.
Methods

A. Study Population
Men in this analysis were from the Tobago Bone Health Study, a population-based, prospective cohort study of bone health among 2589 community-dwelling men aged 40 years and older, residing on the Caribbean island of Tobago, who underwent baseline whole-body dualenergy x-ray absorptiometry (DXA) between 2000 and 2003 [16] . Men had to be ambulatory, noninstitutionalized, and not terminally ill to be able to participate in the study. As part of follow-up to the Tobago Bone Health Study, 1726 Tobago men underwent another wholebody DXA examination and baseline peripheral quantitative CT (pQCT) exam between 2010 and 2013. Of these men, 304 were randomly selected for CT of the chest to assess coronary artery calcification as a part of a cardiovascular disease ancillary study. During this visit, demographic data, health history, and anthropometric characteristics were assessed by trained staff. Morning blood samples were obtained after an overnight fast and were immediately divided into aliquots and frozen at 280°C. Serum DKK1 was measured in a sample of 159 men from the cardiovascular disease ancillary study and form the basis of our current analysis.
The Institutional Review Boards of the University of Pittsburgh and the Tobago Ministry of Health and Social Services approved this study and written informed consent was obtained from each participant by using forms and procedures approved by the University of Pittsburgh Institutional Review Board, the US Surgeon General's Human Use Review Board, and the Tobago Division of Health and Social Services Institutional Review Board.
B. Adiposity Assessment
Adiposity was measured by using clinical anthropometric examination [body weight, body mass index (BMI), and waist circumference], whole-body DXA (total percentage fat and percentage fat in the trunk), and pQCT of the calf (calf skeletal muscle density). Body weight was measured to the nearest 0.1 kg on a balance beam scale, and standing height was measured to the nearest 0.1 cm using a wall-mounted stadiometer, both without participants wearing shoes. BMI was calculated as body weight in kilograms divided by standing height in meters squared. Waist circumference was measured at the level of the umbilicus or greatest circumference by using a flexible tape measure.
Total body fat percentage and percentage fat in the trunk were measured via DXA using a Hologic QDR 4500 W densitometer (Hologic, Bedford, MA). Calf muscle density was measured via pQCT performed with a Stratec XCT-2000 scanner (Orthometrix, Inc., White Plains, NY). This method has been well validated in previous studies using magnetic resonance spectroscopy and muscle biopsy [17, 18] . Details of the pQCT procedure have been published previously [19] . Briefly, a site at 66% of the calf length, proximal to the terminal end of the tibia was scanned because it has the largest circumference and the lowest variability in composition between individuals [20] . All images were analyzed with STRATEC analysis software, version 5.5D (Orthometrix, Inc.) and performed by a trained investigator who was unaware of the participant's health status. Skeletal muscle density is indicative of intramuscular fat, such that lower skeletal muscle density indicates higher intramuscular fat content [18] .
C. Biochemical Analysis
Blood samples were collected from participants in the morning after an overnight fast. Serum was separated and the samples were divided into aliquots and immediately frozen at 280°C. Serum DKK1 levels were measured in duplicate in previously unthawed specimens according to the manufacturer's protocol by using a validated sandwich ELISA (R&D Systems, Minneapolis, MN) [21] . Intra-and interassay coefficients of variation within our study were 6.9% and 8.5%, respectively. Fasting serum glucose was measured by using an enzymatic procedure, and fasting serum insulin was measured by using a radioimmunoassay procedure developed by Linco Research. The degree of insulin resistance was estimated by homeostasis model assessment (HOMA-IR) according to the method described by Matthews et al. [22] .
D. Other Measurements
Trained interviewers and nurses administered questionnaires to participants. Race/ethnicity was self-reported, and participants provided detailed information on the racial/ethnic origin of their parents and grandparents. The population of Tobago has very low non-African admixture compared with a more heterogeneous African-American population (6% vs 17% to 23%, respectively) [23] . Men were asked to report their history and current use of diabetesrelated medications.
E. Statistical Analysis
Data were analyzed by using Stata software, version 15 (Stata Corp., College Station, TX). All normally distributed continuous variables are reported as mean 6 SD, and nonnormal variables are reported as median (interquartile range). Spearman correlations of serum DKK1 with measures of adiposity were tested, including BMI, DXA total fat, DXA trunk fat, and waist circumference, and were adjusted for age and height. Spearman correlations of serum DKK1 were also performed with muscle density and were adjusted for age, BMI, and calf muscle area. Correlations of serum DKK1 with measures of glucose metabolism, including fasting insulin levels, fasting blood glucose levels, and HOMA-IR, were adjusted for age and BMI. Finally, regression analysis was performed with serum DKK1 as the predictor variable to assess its relationship with measures of adiposity. To present our results in a more clinically meaningful way, we calculated the percentage difference in markers of body fat per SD difference in serum DKK1 (Fig. 1) . A P value , 0.05 was considered to indicate a statistically significant difference.
Results
A. General Characteristics of Study Sample
Our study sample consisted of older (mean age, 63 years), predominantly overweight (mean BMI, 27.8 kg/m 2 ) men of African ancestry ( Table 1 ). The prevalence of diabetes was 25%, and 87% of the patients with diabetes reported receiving antidiabetic treatment. We found no significant difference between our study sample and the complete cohort of men (n = 1726) who participated in this clinic visit, including no meaningful differences in age, BMI, waist circumference, DXA total and trunk fat, diabetes status, fasting glucose, or insulin levels or HOMA. Table 2 shows Spearman correlation coefficients between serum DKK1 and adiposity measures (all men, n = 159) and biomarkers of glucose and insulin homeostasis (among nondiabetic men, n = 121). Serum DKK1 was positively associated with BMI independent of age (P = 0.011) and DXA-measured trunk and total body fat, independent of age and height (both P , 0.05). We found an inverse association of serum DKK1 with skeletal muscle density, independent of age, calf muscle area, and BMI (P , 0.05). Further, among persons without diabetes, we found no significant correlation of serum DKK1 and fasting insulin levels, fasting glucose levels, or HOMA-IR in unadjusted or age-adjusted models.
B. Relationship of Adiposity and Diabetes-Related Measures With Fasting Serum DKK1
We further performed multiple linear regression analyses of the variables that had a significant association with serum DKK1 (Fig. 1) . Higher serum DKK1 was associated with significantly greater BMI, DXA-measured total body and trunk fat, and skeletal muscle density (all P , 0.04). For example, independent of age, each SD (1258 pg/mL) higher serum DKK1 was associated with a 3.0% greater BMI. Similarly, independent of age, BMI, and calf muscle area, each SD higher serum DKK1 was associated with 2.8% lower muscle density, indicating greater intramuscular adiposity. Results for association of serum DKK1 with waist circumference were of similar effect but not statistically significant (P = 0.09).
Discussion
This study found an association between serum DKK1 and general and central adiposity and skeletal muscle adiposity in humans. The main findings of this study are: that (i) serum DKK1 was positively associated with overall and central adiposity; (ii) serum DKK1 was inversely associated with skeletal muscle density, suggesting a positive relationship with intramuscular adiposity; and (iii) serum DKK1 was not associated with glucose, insulin, or HOMA-IR. These results suggest that serum DKK1 may be a biomarker for obesity.
The Wnt pathway inhibitor DKK1 has mostly been studied in the context of metabolic bone disease. The Wnt pathway promotes myogenesis and inhibits adipocyte differentiation during early human development [24] . Inhibition of the Wnt pathway has been hypothesized to hinder bone mineralization while encouraging preadipocyte differentiation into mature adipocytes [13] . Some studies suggest that Wnt inhibition might increase muscle fat content in murine models in vitro [25] . Lu et al. [14] have previously shown that DKK1 promotes differentiation and adipocytokine secretion in primary cultured human preadipocytes. These results from cell and animal models suggest that DKK1 may have the potential to affect body fat distribution in humans. However, the association of serum DKK1 with adiposity in a population-based human sample has not been tested until now. One human study has reported a reduction in DKK1 levels after exercise intervention in breast cancer survivors [26] ; reduced DKK1 levels 3 months after bariatric surgery have also been reported in humans [27] . These studies help to indirectly support the possible connection between DKK1 levels and body fat. The underlying mechanism by which DKK1 may contribute to increased adiposity is not clear. Laboratory experiments suggest that the Wnt pathway plays a critical role in adipocyte renewal and differentiation, and its inhibition may promote differentiation of multipotent stem cells to mature adipocytes [14] . In separate studies, inactivating LRP5 mutations have shown similar effects, which is the primary site of action of DKK1 [28] , thus indirectly supporting the role of DKK1 in adipogenesis. Christodoulides et al. [15] presented evidence that DKK1 is secreted by human preadipocytes and DKK1 mRNA increases 6 hours after onset of human adipogenesis, followed by a progressive decline to undetectable levels once maturation is complete. However, the factors that regulate DKK1 production remain largely unknown and need further investigation. One hypothesis may be that DKK1 increases in response to the inflammatory stimuli seen in metabolic syndrome [29] , and thus DKK1 may represent an early therapeutic target in this setting. In this context, our study adds valuable information to the existing knowledge regarding DKK1 and adiposity in humans.
Skeletal muscle adiposity has been linked to increased risk for diabetes in persons of African ancestry [3] . However, the mechanisms driving increased muscle fat are not yet clear. Although the direct relationship between other Wnt inhibitors, such as sclerostin, and T2D has been previously explored [30, 31] , no such studies have been performed for serum DKK1. In our study, we found no significant correlation between serum DKK1 and fasting serum glucose level or insulin levels or HOMA-IR among persons without diabetes. The absence of an association may be due to the smaller number of the nondiabetic individuals in our sample (n = 121). More important, a potential link between serum DKK1 and T2D could be indirectly driven through central and skeletal muscle adiposity, which are important risk factors for T2D. Alternatively, serum DKK1 could represent an early biomarker for T2D in a high-risk population, even before its clinical development, and further longitudinal studies are needed to explore this hypothesis. Larger studies are thus warranted to further evaluate the potential association between DKK1 and measures of glucose homeostasis, insulin resistance, and overt diabetes.
Our study has several potential limitations, including a relatively small sample size, which is a subset of a larger cohort. However, we found no significant differences in participant characteristics between our subsample and the entire cohort, which suggests that our subsample is a good representation of the total study sample. The small sample size still provides only limited power to detect significant associations. For example, our sample of 121 men without diabetes provides only 33% power to find a correlation coefficient of 0.14 as being statistically significant. In this context, the lack of significant associations between serum DKK1 and factors affecting glucose homeostasis should be cautiously interpreted. The crosssectional nature of our study prevents us from drawing any causal links between serum DKK1 and adiposity measures. Further, our findings may not apply to younger men, younger or older women, or other racial/ethnic groups. Nonetheless, African-ancestry populations are at the epicenter of the obesity and diabetes epidemic and in much need of further exploration of novel risk factors that can explain their high burden of diabetes; our study addresses this important knowledge gap.
Finally, there may be potential limitations to using DKK1 as a biomarker because of its large inter-and intraindividual variation over time, as demonstrated in a recent study examining 24-hour levels of DKK1 in healthy patient samples [32] . We do not expect this to be a major issue in our study because all samples were collected under the same conditions (in the morning following an overnight fast). Nonetheless, before DKK1 can be reliably used as a biomarker, additional studies are required to more clearly characterize the diurnal release and metabolism of DKK1 as well as other factors contributing to its serum levels.
In summary, our study demonstrates that serum DKK1 is positively associated with overall, central, and skeletal muscle adiposity in humans. These findings suggest that serum DKK1 may be a potential biomarker for obesity. Our study thus adds to the growing evidence for a role of Wnt modulators in human body composition and may be important in unraveling the mechanisms driving the racial/ethnic disparity in T2D risk.
